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ABSTRACT

Carbon-enhanced metal-poor (CEMP) stars comprise a high percentage of stars at the lowest metallicities. The stars in the CEMP-no
subcategory do not show any s-process enhancement and therefore cannot easily be explained by transfer of carbon and s-process
elements from a binary AGB companion. We have performed radial velocity monitoring of a sample of 22 CEMP-no stars to further
study the role that binarity plays in this type of CEMP star. We find four new binary CEMP-no stars based on their radial velocity
variations; this significantly enlarges the population of known binaries to a total of 11. One of the new stars found to be in a binary
system is HE 0107–5240, which is one of the most iron-poor stars known. This supports the binary transfer model for the origin of the
abundance pattern of this star. We find a difference in binary fraction in our sample that depends on the absolute carbon abundance,
with a binary fraction of 47+15

−14% for stars with a higher absolute carbon abundance and 18+14
−9 % for stars with a lower absolute carbon

abundance. This might imply a relation between a high carbon abundance and the binarity of a metal-poor star. Although binarity
does not equate to mass transfer, there is a possibility that a CEMP-no star in a binary system has been polluted, and care has to be
taken in the interpretation of their abundance patterns. We furthermore demonstrate the potential of Gaia of discovering additional
binary candidates.
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1. Introduction

To study the earliest times in the Universe, we do not have to
go to high redshift. Our Milky Way still hosts remnants from
these early times in the form of extremely metal-poor stars that
are expected to be almost as old as the Universe, and we can
study them in detail. At the lowest metallicities, the fraction
of stars enhanced in carbon increases dramatically (Beers et al.
1992; Norris et al. 1997). These carbon-enhanced metal-poor
(CEMP) stars comprise 15−20% of the very metal-poor stars
([Fe/H]1 <−2.0), which increases to ∼40% for extremely metal-
poor stars ([Fe/H]<−3.0) and even higher percentages at lower
metallicities (Yong et al. 2013; Lee et al. 2013; Placco et al.
2014).

Different types of CEMP stars have initially been defined
by Beers & Christlieb (2005). The two main classes are
CEMP-s stars, which show additional enhancement in s-process
elements (with [C/Fe]>+0.7 and [Ba/Fe]>+1.0), and the
CEMP-no stars, which do not show any s-process enhancement
and usually occur at lower metallicities (with [C/Fe]>+0.7 and

? Based on observations made with the Southern African Large Tele-
scope (SALT) and the Canada-France-Hawaii Telescope (CFHT).
?? Full Table B.2 is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/qcat?J/A+A/621/A108
1 [X/Y] = log(NX/NY)∗ − log(NX/NY)�, where the asterisk subscript
refers to the considered star, and N is the number density.

[Ba/Fe]< 0.0). A subclass of the CEMP-s stars are the CEMP-
r/s stars, which are additionally enhanced in r-process ele-
ments. It was reported by Spite et al. (2013) that CEMP stars
seemed to occupy two bands in absolute carbon versus metallic-
ity space. The more metal-rich CEMP stars have higher abso-
lute carbon clustering around an absolute carbon abundance
A(C)2 ∼ 8.25, and they turned out to be mainly CEMP-s stars,
whereas the more metal-poor CEMP stars are located at a lower
A(C)∼ 6.5, and they are mainly CEMP-no stars. Larger samples
of CEMP stars have confirmed this trend (e.g. Bonifacio et al.
2015; Hansen et al. 2015), although there are always some
outliers.

Through radial velocity monitoring, it was found that
the CEMP-s stars are almost always in a binary system
(e.g. McClure & Woodsworth 1990; Preston & Sneden 2001;
Lucatello et al. 2005; Hansen et al. 2016a), while the CEMP-no
stars more often appear to be single stars (Norris et al. 2013a;
Starkenburg et al. 2014; Hansen et al. 2016b, afterwards S14 and
H16a). CEMP-s stars are thought to have received their carbon
and s-process elements through mass-transfer from an evolved
companion that has gone through the asymptotic giant branch
(AGB) phase (Abate et al. 2015).

The exact origin of the CEMP-no stars is not yet clear.
CEMP-no stars are not generally considered to be in binary

2 A(X) = log εX = log(NX/NH)+12. Throughout this paper, we assume
the Asplund et al. (2009) solar abundances.
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systems, but the data indicate that at least some of them are:
∼17% of the sample in H16a. This is close to the binary fre-
quency of 16%±4% found by Carney et al. (2003) for 91 carbon-
normal metal-poor ([Fe/H]≤−1.4) field red giants. Since most
of the CEMP-no stars do not have a binary companion, it is often
assumed that the carbon abundance in these stars is intrinsic and
therefore reflects the composition of the gas out of which they
are formed. The 13 stars with the lowest known metallicities
([Fe/H]<−4.5) are all CEMP stars, with two exceptions from
Caffau et al. (2011) and (likely) Starkenburg et al. (2018). More-
over, most of them do not show clear signatures of s-process
enhancement. This combination of the most metal-poor stars
being enhanced in carbon and not in s-process elements sug-
gests that their abundances may be “original”. The CEMP-no
stars may be early-generation stars born from gas that was pol-
luted by the first generation(s) of massive stars.

One of the possible progenitors of carbon in the early uni-
verse are the so-called spinstars (e.g. Meynet et al. 2006, 2010;
Chiappini 2013). These are rapidly rotating massive ultra metal-
poor stars with strong winds, and they can form large amounts
of carbon. Another possibility for the progenitors of carbon
are the so-called faint supernovae with mixing-and-fallback
models (Umeda & Nomoto 2003, 2005; Nomoto et al. 2013;
Tominaga et al. 2014), in which a supernova does not have suf-
ficient energy to eject all its material into its surroundings, but
only the outer layers with the lightest elements are ejected,
while the inner part falls back onto the neutron star or black
hole at the centre. Yoon et al. (2016) recently suggested that
there are two types of CEMP-no stars based on their absolute
carbon abundance; they might correspond to the two different
progenitors.

It is also possible that some CEMP-no stars have been pol-
luted by a companion, but the binary fraction of CEMP-no stars
is not well constrained so far. Studying the CEMP-no binary
fraction and binary properties of the population provides us with
more information on star formation processes at early times.
Additionally, knowledge about the binarity of each individual
CEMP-no star is important because it may aid the interpreta-
tion of the chemical properties of the star. Key in determining
the binarity of stars is radial velocity monitoring, a laborious
effort. In this paper we present the results of a large radial veloc-
ity monitoring program for CEMP-no stars. The initial sam-
ple (described in S14) has been extended with additional spec-
tra for 22 CEMP-no stars, including nine new stars that are
not in S14 or H16a, which are mainly located in the southern
hemisphere.

This paper is organised as follows. The new observations
from this work are described in Sect. 2. In Sect. 3 we present
the results of the radial velocity monitoring, and in Sect. 4 we
summarise the properties of the CEMP-no binary population. We
discuss the results in Sect. 5, give an outlook about what can be
achieved with Gaia in Sect. 6, and our conclusions are briefly
summarised in Sect. 7.

2. Data

2.1. Sample selection and observations

We monitored 22 CEMP-no stars for radial velocity varia-
tions. The stars were chosen to be additional follow-up for
Starkenburg et al. (2014) and to extend the sample to the south-
ern hemisphere. Stars were originally selected from Norris et al.
(2013a), and then the sample was expanded with additional
stars from different literature sources. The list of targeted stars

with some of their properties can be found in Table 1. All
stars in our sample have [Fe/H]<−2.5, and more than 80% of
the sample has [Fe/H]<−3.0. All stars meet the CEMP crite-
rion [C/Fe]≥+0.7, and more than 70% of the sample meets the
stricter CEMP criterion of [C/Fe]≥+1.0. Almost all stars satisfy
the classical CEMP-no criterion by having [Ba/Fe]≤ 0.0, within
the uncertainties. Two notable exceptions are the hyper metal-
poor stars HE 0107–5240 and HE 1327–2326, whose upper lim-
its on [Ba/Fe] are higher than +0.9. However, Matsuno et al.
(2017) have revised the CEMP-no definition, taking into account
the increasing trend in [Ba/Fe] with [Fe/H] among CEMP-s
stars. The new definition is different from the classical defini-
tion for stars with [C/Fe]>+2, where in this region stars are
classified as CEMP-no if they have [Ba/C]<−2. Both HE 0107–
5240 and HE 1327–2326 satisfy this revised CEMP-no criterion.
Additionally, Norris et al. (2013a) pointed out that other chem-
ical properties for these stars are consistent with being CEMP-
no. One other star that does not satisfy even the new CEMP-no
criterion is SDSS 0140+2344 ([Ba/Fe]<+0.34). This star has
an absolute carbon abundance of 5.6, however, which is much
lower than the typical value for CEMP-s stars. It is therefore
more likely to be CEMP-no.

Between August 2013 and April 2015, we gathered a total
of 98 high-resolution spectra with a low signal-to-noise ratio
(S/N) of our target stars, plus spectra of radial velocity standard
stars. We made use of the Echelle SpectroPolarimetric Device
for the Observation of Stars (ESPaDOnS, Donati et al. 2003;
Manset & Donati 2003) at the Canada-France-Hawaii Telescope
(CFHT), with a resolving power of R ∼ 68 000 covering the
wavelength range 370–1050 nm. The other spectrograph we
used was the High Resolution Spectrograph (HRS, Bramall et al.
2010, 2012; Crause et al. 2014) at the Southern African Large
Telescope (SALT, Buckley et al. 2006), which we used in its
low-resolution mode with R ∼ 16 000. Our observations started
during commissioning of HRS. The HRS is a fibre-fed dual-
beam white-pupil echelle spectrograph that yields two spectra:
a blue arm that covers from 370–550 nm, and a red arm that cov-
ers from 550–890 nm. The number of observed spectra per star
for each telescope is indicated in Table 1.

The stars that were observed with CFHT largely overlap with
the sample of H16a, which we could not coordinate because
our programs were executed at around the same time. We typ-
ically have a shorter baseline and a more heterogeneous sample
of measurements.

2.2. Data reduction

The CFHT spectra were reduced using the dedicated software
package libre-esprit (Donati et al. 1997), which includes an
automatic wavelength correction using telluric lines. We used
the normalised spectra in our radial velocity measurements.

For the SALT data we have adopted the results of the stan-
dard HRS pipeline for the spectra taken after commissioning of
HRS was completed in late 2013 (80% of the sample). The spec-
tra obtained during commissioning (eight science observations
in total) were reduced with the standard IRAF3 reduction scripts
from the echelle package. These shared-risk spectra had to be
addressed individually and were not well suited for reduction
with the preliminary HRS pipeline at that time.

3 IRAF (Image Reduction and Analysis Facility) is distributed by the
National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under con-
tract with the National Science Foundation.
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Table 1. The 22 program stars.

Name na V RA Dec [Fe/H] [C/Fe]b A(C)b [Ba/Fe] Ref. Bin?c

(mag) (J2000) (J2000)

BD+44◦493 C 5 9.1 02 26 49.7 +44 57 47 −3.83 1.35 5.95 −0.60 2 1
BS 16929–005 C 4 13.6 13 03 29.5 +33 51 09 −3.34 0.99 6.09 −0.41 1 1
CS 22878–027 C 4 14.4 16 37 35.9 +10 22 08 −2.51 0.86d 6.78d <−0.75 1 1
CS 22949–037 C 5 14.4 23 26 29.8 −02 39 58 −4.38 1.16 5.97 −0.60 3 1
CS 22957–027 C 5 13.6 23 59 13.1 −03 53 48 −3.19 2.61 7.87 −0.81 3 2
CS 29498–043 S 4 13.7 21 03 52.1 −29 42 50 −3.87 2.75 7.62 −0.49 3 1
CS 29502–092 C 6 11.9 22 22 36.0 −01 38 28 −3.30 1.06 6.59 −1.36 3 1
HE 0057–5959 S 2 15.8 00 59 54.1 −59 43 30 −4.08 0.86 5.21 −0.46 1
HE 0107–5240 S 4 15.1 01 09 29.2 −52 24 34 −5.44 3.97 7.03 <+0.93 4 3
HE 0557–4840 S 3 15.5 05 58 39.3 −48 39 57 −4.73 1.59 5.29 <+0.07 5
HE 1012–1540 C/S 5/1 14.0 10 14 53.5 −15 55 53 −4.17 2.40 6.67 −0.28 3 1
HE 1150–0428 C 7 14.9 11 53 06.6 −04 45 03 −3.47 2.37 7.35 −0.48 1 2
HE 1201–1512e C/S 4/2 13.8 12 03 37.1 −15 29 32 −3.86 1.14 5.71 <+0.05 1 1
HE 1300+0157 C 4 14.1 13 02 56.2 +01 41 52 −3.75 1.31 5.99 <−0.85 1 1
HE 1327–2326 S 3 13.6 13 30 05.9 −23 41 50 −5.71 4.18 6.90 <+1.39 6 1
HE 1506–0113 C/S 7/1 14.4 15 09 14.3 −01 24 57 −3.54 1.47 6.38 −0.80 1 2
HE 2139–5432 S 2 15.4 21 42 42.5 −54 18 43 −4.02 2.59 7.01 <−0.33 1 3
HE 2142–5656 S 3 13.7 21 46 20.5 −56 42 18 −2.87 0.95 6.61 −0.63 1
HE 2202–4831 S 2 15.6 22 06 06.0 −48 16 53 −2.78 2.41 8.08 −1.28 1
HE 2247–7400 S 1 13.3 22 51 19.6 −73 44 21 −2.87 0.70 6.58 −0.94 1
SDSS J0140+2344e, f C 4 15.1 01 40 36.2 +23 44 58 −4.00 1.13 5.56 <+0.34 1 3
SDSS J1422+0031 S 3 16.3 14 22 37.4 +00 31 05 −3.03 1.70 7.11 −1.18 7 3

Notes. (a)Number of radial velocity measurements added in this program observed with CFHT (C) or SALT (S). (b)Values corrected for evolu-
tionary status, as reported in Yoon et al. (2016). (c)1 = single, 2 = binary, from Preston & Sneden (2001), S14 and H16a, 3 = binary from this work.
(d)This star is not in the Yoon et al. (2016) compilation, we report the [C/Fe] from Yong et al. (2013; without evolutionary correction, which is
fine since this is not an evolved star), and we computed the A(C) using the Asplund et al. (2009) solar carbon abundance. (e)These are the dwarf
solutions. ( f )Sometimes named 53327–2044–515 (e.g. in Yong et al. 2013), but here we use its official SDSS name.
References. (1) Yong et al. (2013), (2) Ito et al. (2013), (3) Roederer et al. (2014), (4) Christlieb et al. (2004), (5) Norris et al. (2007),
(6) Frebel et al. (2008), and (7) Aoki et al. (2013).

2.3. Radial velocity determination

We determined radial velocities using the IRAF fxcor package.
This package Fourier cross-correlates the observed spectrum
with a template spectrum, measuring the relative shift between
the two spectra. For each of the stars, we created template spec-
tra using the MARCS (Model Atmospheres in Radiative and
Convective Scheme) stellar atmospheres and the Turbospectrum
spectral synthesis code (Alvarez & Plez 1998; Gustafsson et al.
2008; Plez 2008) with stellar parameters Teff , log g, and [Fe/H]
as given in Table 1. In fxcor, we fitted a Gaussian to the cross-
correlation peak, from which the formal radial velocity uncer-
tainties were determined following the method described in
Tonry & Davis (1979).

In stars that are so metal-poor as those in our sample, not
many lines are present in the spectrum. Only a few features can
be used to determine robust radial velocities, the main features
being the calcium triplet (at 8498, 8542 and 8662 Å), the Hα line
(6563 Å), and the magnesium triplet (5167, 5173 and 5184 Å).
Blueward of these features, the S/Ns tend to be too low for good
radial velocity measurements.

2.3.1. CFHT sample

For our CFHT sample, we used the magnesium triplet region to
determine good radial velocities. We found that the Hα line is
too broad for precise radial velocities, and when we used the

calcium triplet, we found a slight offset (∼0.8 km s−1) for the
standard stars with respect to the literature (see Fig. 1). This
figure shows that although the formal uncertainties on the radial
velocities derived from the magnesium triplet are larger than
those from the calcium triplet, the velocities are more accurate.
Additionally, for the CEMP-no stars that overlap with the H16a
sample, the radial velocities of the magnesium triplet agree bet-
ter with the H16a velocities than those from the calcium triplet.
Our supposition is that the difference between the radial veloci-
ties of the calcium and magnesium triplet is the result of a faulty
wavelength calibration in the red part of the ESPaDOnS spectra.
Therefore we decided to use the radial velocities of the magne-
sium triplet in our analysis for the CFHT spectra, with uncertain-
ties as provided by fxcor.

2.3.2. SALT sample

The SALT spectra have lower S/Ns than the CFHT spectra and
were taken at lower resolution. For these observations we there-
fore used the spectra from the red and blue arms to obtain more
precise radial velocities.

To correct for any instabilities in the instrument, we com-
puted two radial velocity corrections. First of all, we com-
puted a correction using the telluric lines in the red spectrum.
Telluric lines have fixed wavelengths and can be used to cor-
rect for exposure-to-exposure differences in the instrument that
may cause changes in the wavelength solution. We applied this
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Fig. 1. Radial velocities of standard stars observed with CFHT com-
pared to their literature values. The expected zero-line is indicated.
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Fig. 2. Radial velocities of standard stars observed with SALT com-
pared to their literature values. The expected zero-line is indicated.

correction to the blue and red spectrum of that observation, since
the blue spectra show no telluric lines. For the observed radial
velocity standard stars, we present the telluric-corrected radial
velocities compared to the literature velocity in Fig. 2. The red
arm velocities agree well with the literature within the uncer-
tainties of about 1 km s−1 for all standard stars throughout the
full time-span, demonstrating that our radial velocity determina-
tion, when combined with the telluric correction, is robust and
that the uncertainties are realistic.

The blue arm velocities for the standard stars show a small
offset in most of the measurements. Furthermore, the blue-red
difference around HJD–2 450 000 = 6 900 days (August 2014) is
particularly large for the two observed standard stars. The history
of maintenance operations on HRS shows that in August 2014,
the instrument was plagued by several issues. The vacuum was
lost a few times during the first weeks of August, and afterwards,
the cameras needed to be heated up by more than 150 degrees to
remove possible contaminants. Since this was done at least twice
in this period, it is possible that in the process, one of the CCDs
moved slightly. This could lead to a discrepancy between the two
arms.

However, we can correct for the blue arm differences using
the standard star observations. We applied a correction to the

blue arm radial velocities for our science observations, which is
the difference between the literature and measured radial veloc-
ity from the blue arm of the standard star(s) observed on the
same night. Especially for the two science stars observed in
August 2014, this drastically improves the consistency between
the blue and red arm radial velocities. During one night, the blue
arm correction may vary by up to 1 km s−1, and unfortunately,
not every science observation always has its own radial velocity
standard observation. Therefore, we inflated the fxcor uncertain-
ties on the blue arm radial velocities of the science observations
by 1 km s−1.

The final radial velocities are computed as the weighted aver-
age of the (telluric and standard corrected) red and blue veloci-
ties, where the weights are the uncertainties as provided by fxcor
(with the blue uncertainties inflated). Final radial velocity uncer-
tainties are estimated by the standard deviation of the two veloc-
ities derived from the blue and red arm.

For almost half of the spectra no radial velocity standard star
was observed on the same night. For these stars we did not use
the blue arm radial velocities, but accepted the radial velocities
from the red arm with uncertainties as provided by fxcor. This
resulted in lower precision for these stars, but as illustrated in
Fig. 2, we are confident that the red arm velocities are accu-
rate. Additionally, for two nights (five spectra) no red spectrum
was available for science or standard stars, and therefore also no
telluric correction. We excluded these measurements from this
work entirely. For the five stars with SALT data that overlap with
the H16a sample, the derived radial velocities agree with those
from H16a within the uncertainties.

2.4. CEMP compilation

For an overview of known CEMP stars, we have used data from
Yoon et al. (2016) as a basis. These authors have compiled a
large number of CEMP stars from the literature. The sample con-
tains 127 CEMP-no stars, 147 CEMP-s stars, and 31 unclassified
CEMP stars based on upper limits on their [Ba/Fe]. The carbon
abundances in this compilation were corrected for evolutionary
phase (following Placco et al. 2014), and throughout this paper,
we use their corrected [C/Fe] and A(C) values for the stars in our
sample (Table 1) and when we refer to the compilation.

We added six stars to this compilation: the recently
discovered hyper metal-poor star SDSS J0815+4729 from
Aguado et al. (2018), which is extremely enhanced in car-
bon (with [Fe/H]<−5.8 and [C/Fe]>+5.0), the recently
discovered CEMP-no binary star SDSS J1341+4741 from
Bandyopadhyay et al. (2018), CS 22166–016 (Giridhar et al.
2001) and CS 22878–027 (Yong et al. 2013), which are two
CEMP-no stars that were monitored in radial velocity by H16a
and us and which are missing in the compilation, and G64–
12 and G64–37, which were found to be CEMP-no stars
by Placco et al. (2016a). For SDSS J0929+0238 we updated
the log g (to the main-sequence solution), [Fe/H], [C/Fe],
A(C), upper limit for [Ba/Fe], and binary status to the val-
ues in Caffau et al. (2016). We updated the [Fe/H], [C/Fe], and
A(C) of HE 2319–5228 to the values from Beers et al. (2017).
HD 135148 is a known binary star (Carney et al. 2003), there-
fore we updated its binary status in the compilation. The star has
a [Ba/Fe] = +0.3 (Simmerer et al. 2004) and is not clearly clas-
sified as CEMP-no or CEMP-s, therefore we did not consider
this star in our analysis. For SMSS 0313–6708 we updated the
[Fe/H] upper limit to −6.5 (Nordlander et al. 2017) .

For HE 1201–1512 and SDSS J0140+2344, Yoon et al.
(2016) only provided the subgiant solutions, even though

A108, page 4 of 19

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834146&pdf_id=1
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834146&pdf_id=2


A. Arentsen et al.: Binarity among CEMP-no stars: an indication of multiple formation pathways?

Yong et al. (2013) provided both dwarf and subgiant solutions
since the evolutionary status of this star was unknown at the
time. With Gaia DR2 (Gaia Collaboration 2018), we can deter-
mine which solution is likely the best one. We compared the
BP−RP and absolute G magnitude (converted using the paral-
lax) to a MIST isochrone4 (Dotter 2016; Choi et al. 2016) with
[Fe/H] =−4.0 at an age of 12.5 Gyr. We find that both stars are
more consistent with being dwarfs, therefore we accept the dwarf
solutions.

3. Results

3.1. Radial velocity database

We present all derived radial velocities for the stars in our
CFHT/SALT sample in Table A.1. We supplemented our radial
velocities with values from the literature, to obtain a time span
as long as possible and as many radial velocities for as many
stars as possible. We compiled a list with all available radial
velocity measurements from S14, H16a, and this work, and
added five stars from the literature. The CEMP-no stars G77–61
(Dearborn et al. 1986), SDSS J0929+0238 (Caffau et al. 2016),
and SDSS J1341+4741 (Bandyopadhyay et al. 2018) are known
to vary in radial velocity. G77–61 and SDSS J0929+0238
only have upper limits for [Ba/Fe], but are assumed to be
CEMP-no stars because they are not on the high-carbon band.
SDSS J0929+0238 has been discovered as a double-lined (pos-
sibly even triple-lined) spectroscopic binary, and it was mon-
itored for radial velocity variations after. For this star, two or
three radial velocities per spectrum are given for spectra that
had multiple components (as in Caffau et al. 2016). The two
stars G64–12 and G64–37 are CEMP-no stars that are constant
in radial velocity (Latham et al. 2002). Additionally, we kindly
received several unpublished radial velocity measurements from
N. Christlieb for HE 0557–4840 and HE 0107–5240, which we
have added to the compilation.

We supplemented our literature sample by deriving a radial
velocity for other available spectra, using the same method as
for the CFHT spectra. For HE 1201–1512, we derived the radial
velocity from a FEROS spectrum that was taken during follow-
up efforts from the Pristine survey (Starkenburg et al. 2017;
Caffau et al. 2017). We also searched the ESO archive and found
a UVES spectrum for SDSS J0140+2344 taken as part of the
TOPoS survey (Bonifacio et al. 2018) and 34 UVES spectra over
the course of one year for the most iron-poor star SMSS J0313–
6708, which was observed as part of the SkyMapper extremely
metal-poor star survey (Keller et al. 2014; Bessell et al. 2015).
No radial velocities for SMSS J0313–6708 have previously been
published.

Our efforts result in a sample of 710 individual radial veloc-
ity measurements (including this work) for 45 CEMP-no stars.
The stars are listed in Table B.1 with their radial velocity prop-
erties, stellar parameters, and carbon and barium abundances.
The individual radial velocity measurements can be found in
Table B.2.

3.2. Radial velocity variation in the sample

For each of the 45 CEMP-no stars in the compilation, we deter-
mined the χ2 of the radial velocity distribution,

χ2 =

n∑
i=1

(
vi − v̄
σvi

)2

, (1)

4 http://waps.cfa.harvard.edu/MIST/interp_isos.html

and used it to compute the probability that the radial veloc-
ity is constant, the p-value P( χ2). Before computing the χ2,
we quadratically added to the radial velocity uncertainties from
H16a a floor uncertainty of 0.1 km s−1 to account for external
uncertainty sources, as H16 did when computing their χ2. The
final probability for each of the stars is presented in the fifth col-
umn of Table B.1. Carney et al. (2003) found that all binary stars
in their sample have P( χ2) < 10−6, which is what we take as our
binary candidate selection criterion.

Among the stars with P( χ2) < 10−6, we find the six known
binary systems from the literature: CS 22957–027, HE 0219–
1739, HE 1150–0428, and HE 1506–0113, which are the four
binaries discussed in S14 and H16a, and additionally G77–61
and SDSS J1341+4741 (see Sect. 3.1). SDSS J0929+0238 is
also binary, but is not included in this analysis since it is a spec-
troscopic double-lined system.

3.2.1. New binary candidates

There are five additional stars with P( χ2) < 10−6, which are
good binary candidates. Three of them, HE 0107–5240,
HE 2139–5432 and SDSS J1422+0031, are in our southern
hemisphere SALT sample. The fourth star, SDSS J0140+2344,
is in our CFHT sample and is one of the few stars in that sample
that has not been monitored by H16a. Finally, SDSS J1313–0019
has not been observed by us, but comes from the literature.

We present the individual radial velocity measurements for
the three stars with >10 km s−1 variation that include mea-
surements from this work in Fig. 3. SDSS J1422+0031 and
SDSS J0140+2344 have been mentioned before as possible
interesting candidates in S14.

The fourth star that includes measurements from this work,
HE 0107–5240, is presented in Fig. 4. This star was long thought
to be non-variable in radial velocity, but when we included our
new measurements, this star appears to be varying on a long
timescale (>10 years). Our supposition is that it is part of a
(wide) binary system.

The final star, SDSS J1313–0019, has three radial veloc-
ity measurements in the literature, of which two come from
low-resolution spectra (268± 4 km s−1 and 242± 4 km s−1 from
SEGUE and BOSS, respectively, Allende Prieto et al. 2015) and
one from a high-resolution spectrum (274.6 km s−1, no uncer-
tainty given, Frebel et al. 2015). Both teams of authors have
suggested that this star might be in a binary system, but more
measurements are needed to confirm or refute this. We do not
treat this star as a binary system in this work because it has only
one measurement from high-resolution spectroscopy.

3.2.2. Other stars with low P( χ2)

Two additional stars had P( χ2)< 10−6. The first, HE 1410+0213,
was observed extensively by H16a, and after much analysis, they
concluded that the star is most likely single. They assumed that
the velocity variation comes from low-amplitude pulsations in
the star and suggested adding a velocity jitter of 0.15 km s−1.
When we add such a jitter, P( χ2) is increased (as presented in
Table B.1).

The second star is the most iron-poor star of the compilation,
SMSS 0313–6708. Its 34 radial velocities (which we derived
from archive UVES spectra) measured over the course of one
year have a dispersion of 0.4 km s−1, with two measurements that
have a difference of 2.3 km s−1 (see Fig. C.1). We were not able
to fit an orbit through all points using the method in Sect. 3.3
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Fig. 3. Radial velocities for the three stars in our sample that strongly vary in radial velocity (>10 km s−1) and were not previously identified as
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and, excluding the two outliers, the other measurements seem
compatible with a constant radial velocity. We therefore con-
clude that it is likely that the radial velocity uncertainties are
underestimated. The ESO archive lists no radial velocity stan-
dard stars that are observed on the same nights as the two out-
liers, therefore we cannot correct for any systematics. Instead,
we estimate an uncertainty floor by assuming that the star does
not vary in radial velocity. We quadratically added a constant to
each of the the uncertainties until a final reduced χ2 of 1 was
reached. This leads to an uncertainty floor of 0.35 km s−1, which
we have added to each measurement. We provide these inflated
uncertainties for SMSS 0313–6708 in Table B.2. After this cor-
rection, this star no longer has P( χ2) < 10−6 (the updated value
is presented in Table B.1). In this work we treat SMSS 0313–
6708 as single, although it could still vary in radial velocity on a
timescale longer than one year.

3.2.3. Final notes on radial velocity variations

Radial velocity variations are not only caused by binarity, they
can also be caused by inhomogeneities on the surfaces of stars
or stellar pulsations, for example. Carney et al. (2008) found that
the velocity “jitter" that is due to inhomogeneities mainly affects
evolved stars with MV ≤ −1.4 (log g . 1.0). None of our four
new binary candidates are in this regime, nor do they lie in parts
of the HR diagram that are known for stellar pulsations. We

therefore conclude that their radial velocity variations are due
to binarity.

For all remaining stars in our CFHT/SALT sample we
present the individual radial velocity measurements in Fig. C.2.
Our measurements agree with previous measurements when
there is overlap.

3.3. Orbit properties of the new binaries

We applied the code the Joker (Price-Whelan & Hogg 2017;
Price-Whelan et al. 2017) to the radial velocity data of our four
newly discovered binary systems: HE 0107–5240, HE 2139–
5432, SDSS J0140+2344, and SDSS J1422+0031. The Joker is
a Monte Carlo sampler for orbital parameters of binary systems
that can also be applied to sparse and/or low-quality radial veloc-
ity data. It produces a posterior sampling of the period, eccentric-
ity, pericentre phase and argument, velocity semi-amplitude, and
the barycentre velocity. For all four of our stars, the eccentricity
and pericentre phase and argument were not well constrained in
the analysis. The resulting corner plots (Foreman-Mackey 2016)
for the periods and semi-amplitudes provide insight, however,
and can be found in Fig. 5. We took 106 samples per star, except
for SDSS J0140+2344, where we took 108 because the orbit is
relatively well determined with the available radial velocity mea-
surements, so that few samples are accepted.

The analysis with the Joker for HE 0107–5240 results in a
period distribution that peaks between 10 000 and 30 000 days
(27−82 years) and a semi-amplitude of the order of 2–5 km s−1.
HE 2139–5432 has sparse radial velocity data that allow for
many possible short-period orbits up to 300 days, or longer
period orbits of ∼4000 days, both with semi-amplitudes of
∼11 km s−1. For SDSS J0140+2344 we find a narrow peak
of the period distribution at 32 days, and a semi-amplitude
of 7.5 km s−1. Finally, for SDSS J1422+0031 we find multi-
ple peaks, the most pronounced one producing a period of
∼1600 days and a semi-amplitude of ∼8 km s−1. Clearly, for at
least three of these stars, more radial velocity measurements are
needed to determine better orbital solutions.

4. Properties of the CEMP-no radial velocity sample

By combining our four new CEMP-no binaries with the
four known binaries discussed in S14 and H16a (CS 22957–
027, HE 0219–1739, HE 1150–0428, and HE 1506–0113) and
the three literature stars G77–61 (Dearborn et al. 1986),
SDSS J0929+0238 (Caffau et al. 2016) and SDSS J1341+4741
(Bandyopadhyay et al. 2018), we have a sample of eleven
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CEMP-no binary stars. To obtain to a binary fraction, the num-
ber of single stars needs to be determined as well. Long moni-
toring time-scales and high radial velocity precision are needed
to rule out the binarity of a star. If the timescale is too short
or the uncertainties are too large, a long-period low-amplitude
signal might be hiding in the data. For all practical purposes,
however, we assumed that the monitored stars that do not show
indications of radial velocity variations are single. We excluded
from the single-star sample those stars with fewer than five
radial velocity measurements, because the radial velocity preci-
sion and/or temporal coverage of those measurements is not suf-
ficient to claim that a star is single based on so few data points.
Combining the single and binary stars results in a binary frac-
tion of 32+10

−9 % (11 out of 34) for the whole sample of radial
velocity monitored CEMP-no stars, using binomial statistics to
derive the ±1σ uncertainties. This binary fraction is larger than
17+11
−8 % (4 out of 24) as found by H16a for CEMP-no stars, but

agrees within 1σ. The discrepancy of our result with the binary
fraction of 16+5

−4% (14 out of 85) for carbon-normal metal-poor
(−3.0 . [Fe/H] . −1.4) giants by Carney et al. (2003) is slightly
larger than 1σ. However, both of these are not statistically sig-
nificant differences.

The sample of H16a appears to be more homogeneously
monitored than the complete combined sample in this work,
because we and others in the literature may have preferentially
monitored stars that already showed some indication of radial
velocity variation. The binary fraction in this work might not
necessarily be representative for the whole population.

All these binary fractions (including those from H16a and
Carney et al. 2003) are more correctly thought of as lower lim-
its, given that long-period binaries or binaries at high inclinations
may still be present among the assumed single stars. It is much
easier to confirm the binarity of a star than to rule out its binarity,
since fewer measurements are needed to find that a star is vari-
able in radial velocity, especially if the amplitude of the variation
is large.

However, the collection of binary stars we now have is inter-
esting to study in itself. In the following subsections we discuss
some of the properties of the CEMP-no binary population.

4.1. Orbit characteristics

How do the orbit properties of CEMP-no stars compare to those
of CEMP-s stars and other metal-poor binary systems? We com-
pare the periods and semi-amplitudes in Fig. 6. The uncertainties
for the binaries from this work are taken from the 1σ contours
of the most significant peaks from the probability distributions
in Fig. 5. There is no indication that the CEMP-no binaries are
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Fig. 6. Periods and semi-amplitudes of carbon-normal metal-poor bina-
ries from Carney et al. (2003), CEMP-s binaries from Hansen et al.
(2016a; excluding their CEMP-r/s stars), and CEMP-no binaries
(compilation from this work). HE 1506–0113 (see Fig. C.2) and
SDSS J0929+0238 are not shown in this figure since they do not have
any derived orbits, HE 2139–5432 is not shown because it either has
P < 300 or P ≈ 4000 days (with K ≈ 11 km s−1). The line indicates
what would be expected of Keplerian orbits of a 0.8 M� star with a
0.5 M� companion, for an eccentricity of 0.3 (typical for the stars in the
Carney et al. 2003 sample) under an inclination of 60◦.

of a different distribution than the CEMP-s binaries or the stars
from Carney et al. (2003). The typical companion mass for stars
in the latter sample is 0.5 M� with eccentricities of ∼0.3. Only
three of the CEMP-no binaries have known eccentricities, H16a
claimed that their distribution is not different from normal metal-
poor stars.

One odd star is SDSS J0140+2344 with its short period of
31.5 days and a relatively low semi-amplitude of 7.5 km s−1. This
system may be observed relatively face-on. Alternatively, it may
have a very low-mass companion. Schlaufman et al. (2018) dis-
covered an ultra metal-poor binary system with a very similar
period and semi-amplitude and claim that it has a 0.14 M� com-
panion, making the companion the lowest mass ultra metal-poor
star known. Another odd star is SDSS J1341+4741, which has a
reported period of 116 days and a semi-amplitude of 50 km s−1

(Bandyopadhyay et al. 2018). If this is confirmed with more
radial velocity measurements, this star would have to have a
more massive companion than the other stars or be on a highly
eccentric orbit.

H16a were unable to derive an orbital solution for HE 1506–
0113, despite the large number of radial velocity measure-
ments and its clear variability. This star seems to vary on a
short timescale (∼20 days) in the data from Norris et al. (2013b),
which have been reanalysed by H16a, and a longer timescale
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Fig. 7. Left panel: [Ba/Fe] as a function of [Fe/H] for the compilation of CEMP stars from Yoon et al. (2016) down to [Fe/H] = −6, where CEMP-s
stars are shown in blue and the CEMP-no stars in red. The known and new CEMP-no binaries are indicated as yellow and green stars, respectively.
Right panel: same, but for A(C) on the y-axis. The solid and dotted black lines indicate the [C/Fe]>+0.7 and [C/Fe]>+1.0 CEMP criteria,
respectively. The orange dashed line indicates the separation of the low- and the intermediate-/high-carbon band. For both panels, typical error
bars on the abundances are shown in the lower right corner.

(∼1000 days) on the basis of data from S14 and H16a, see
Fig. C.2. Our new radial velocities for this star fill the gap
between the measurements of S14 and H16a, but do not help
to clarify its orbit.

4.2. Enhancement in s-process elements

Enhancement in the s-process element barium is usually a sign
of mass transfer from an AGB companion. We present [Ba/Fe] as
a function of [Fe/H] in the left panel of Fig. 7 for our binary stars
on top of the CEMP compilation of Yoon et al. (2016), where the
CEMP-no stars are shown in red and the CEMP-s stars in blue.
The CEMP-no binaries from the literature (from S14, H16a,
Dearborn et al. 1986; Caffau et al. 2016; Bandyopadhyay et al.
2018) are shown as yellow stars, and the new binaries uncovered
in this work are plotted as green stars. CEMP star classes are
defined mainly by the barium abundance, therefore the CEMP-
s stars (blue points) and the CEMP-no stars (red points) are
almost perfectly separated in this diagram. Four binaries have
upper limits on [Ba/Fe] that are above zero. HE 0107–5240
and SDSS J0140+2344 were discussed in Sect. 2.1, and tak-
ing the revised CEMP-no definition of Matsuno et al. (2017),
SDSS J0929+0238 is also classified as CEMP-no. Even though
it does not satisfy the revised definition, the dwarf G77–61
([Ba/Fe]<+1.0) is likely a CEMP-no star as well, assuming
that all ultra metal-poor low-carbon band stars are. Alternatively,
it could be the first ultra metal-poor ([Fe/H]≤−4.0) CEMP-
s star. However, since no ultra metal-poor CEMP-s stars are
known to date, we assume that it belongs to the CEMP-no
class.

The binaries seem to be part of the normal CEMP-no dis-
tribution in the left panel of Fig. 7. The low [Ba/Fe] values
(or upper limits) of most the binary stars are consistent with
them having had no “classical” binary interaction with an AGB
star in which s-process elements were transferred together with
carbon.
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Fig. 8. A(C) as a function of [Fe/H] for CEMP stars, where again
CEMP-no stars are shown in red and CEMP-s stars in blue. Binary stars
are indicated by a star. The orange dashed line is the same as in the right
panel of Fig. 7.

4.3. Absolute carbon abundance

As discussed in the introduction, in general CEMP-s and CEMP-
no stars have different absolute carbon abundances. This can be
seen in the right panel of Fig. 7 for the compilation of CEMP
stars. Yoon et al. (2016) suggested that there may be three dif-
ferent groups of CEMP stars based on their A(C) and [Fe/H].
First, there are the Group I stars that cover the region of the
CEMP-s stars at large A(C) and higher [Fe/H]. Then there are
two different groups of CEMP-no stars, the Group II stars, that
in general have lower A(C) and exhibit a clear dependence of
A(C) on [Fe/H], and the Group III stars that seem to centre on a
higher A(C) without a clear dependence on [Fe/H].
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One might expect that like the CEMP-s stars, most high-
carbon band CEMP-no stars would be in binary systems. How-
ever, H16a did not find a strong correlation between the binary
status of CEMP-no stars and their location on the A(C) ver-
sus [Fe/H] plane (although that is difficult to say with such a
small sample). In the right panel of Fig. 7 we highlight the 11
currently known CEMP-no binaries on the A(C) versus [Fe/H]
plane. It appears that most of the CEMP-no binaries have rel-
atively high A(C) values in between the high- and low-carbon
bands of Spite et al. (2013), which seems to correspond roughly
to the region of the Group III stars of Yoon et al. (2016; although
four of the binary stars are classified as Group I stars).

This does not seem to be a selection effect of only mon-
itoring stars with the highest carbon enhancement, which can
be seen from Fig. 8. There we present the same A(C) versus
[Fe/H] plane as in Fig. 7, but now only for stars that have suf-
ficient radial velocity data to determine with some confidence
whether they are in a binary system or not. Typically, the stars
that we assume to be single have been observed as thoroughly as
the other stars, but we cannot fully exclude the possibility that
they are in a binary system with a long period or low amplitude.
For the CEMP-s stars, we used the binarity information as doc-
umented in Yoon et al. (2016).

In Fig. 8 the fraction of CEMP-no stars that are in binary sys-
tems seems higher for stars on the intermediate- or high-carbon
band compared to the stars on the low-carbon band. Splitting our
sample of well-monitored stars in half based on A(C), as illus-
trated by the orange dashed line in Fig. 8, we find that for the
CEMP-no stars with A(C)> 6.6 the binary fraction is 47+15

−14% (8
out of 17), and for A(C)≤ 6.6 it is 18+14

−9 % (3 out of 17). The
difference between these two fractions is 1σ.

If we conservatively assume that except for the known binary
CEMP-no stars, all the known CEMP-no stars with A(C)> 6.6
are single stars (even if they do not have any radial velocity infor-
mation), we find a binary fraction of 18+8

−6% (8 out of 44). This
conservative lower limit for the binary fraction of high-carbon
CEMP-no stars is independent of the selection for radial veloc-
ity monitoring or the quality of the determination of single stars.

The periods for CEMP-no binary stars with A(C)> 6.6 and
derived orbits are similar to the periods for CEMP-s binary stars,
which typically are of the order of a few 100 to a few 1000 days
(see Fig. 6). The three CEMP-no binaries with A(C)< 6.6 are
HE 1506–0113, SDSS J0140+2344 and SDSS J1341+4741. It is
curious that each of these three stars was described in Sect. 4.1
because they have no or odd orbital solutions.

We end this section with a note of caution: the (absolute) car-
bon abundances need to be interpreted with caution, since most
of the measurements were not made using non-local thermody-
namic equilibrium (non-LTE) and/or 3D models, and such cor-
rections may be especially important for carbon when comparing
stars of different metallicities and evolutionary stages.

4.4. Hertzsprung-Russell diagram

We highlight the location of the CEMP stars on the (spectro-
scopic) Hertzsprung-Russell diagram in Fig. 9, where again we
only show the stars that have sufficient radial velocity informa-
tion available. Almost all the stars in the compilation are giant
stars, since these are intrinsically brighter and easier to analyse.
Additionally, CEMP stars with lower effective temperatures are
easier to recognise from the spectra because the CH features
are more distinct. Three CEMP-no binary stars lie on the main
sequence (or close to the turn-off), G77–61 with Teff = 4000 K,
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Fig. 9. Hertzsprung-Russell diagram for all CEMP-no and CEMP-s
stars, with the same symbols and colour-coding as in Fig. 8. Because
the narrow giant branch is very crowded, we additionally show for the
CEMP-no stars the stacked histogram for log g on the side, where dark
grey are binary and light grey are single stars. Typical error bars are
indicated in the top left corner.

SDSS J0140+2344 with Teff = 5703 and log g = 4.7, and
SDSS J0929+0238 with Teff = 5894 K and log g = 4.5. Another
possibility is that SDSS J0929+0238 is a sub-giant branch star
with log g = 3.7, but it has been argued by Caffau et al. (2016)
that the main-sequence solution is more likely (unfortunately, the
Gaia DR2 parallax for this star is uncertain).

One of the CEMP-no binary stars, HE 0219–1739, is at the
tip of the giant branch. The stellar parameters for this star are
somewhat uncertain, however. T. Hansen found Teff = 4600
and log g = 2.3 with stacked high-resolution radial velocity
monitoring spectra (priv. comm.). Unfortunately, the Gaia par-
allax for this star is negative and does not help to constrain the
log g. The question arises whether this star is a real CEMP star,
or if it might be an intrinsic (pulsating) carbon star. The well-
determined radial velocity period of this star is 1800 days, which
is longer than typical pulsation periods of long-period variable
(LPV) stars. This star is also indicated as variable in its pho-
tometry by PanSTARRS (Hernitschek et al. 2016), but the given
variability timescale (0.13 days) is too short and the magnitude
amplitude (0.034 mag in r) is too small to represent LPV pulsa-
tions. We conclude that this star is most likely a bona fide CEMP
star in a binary system.

The apparent over-density of CEMP-no binary stars between
log g = 2–3 as illustrated in a histogram in the right panel of
Fig. 9 seems curious, even though we have monitored stars along
the entire giant branch and turn-off. In comparison, the gen-
eral sample of CEMP-no stars (from the Yoon et al. 2016 com-
pilation) does not show an over-density between log g = 2–3.
Larger samples are needed to put this tentative result on firmer
footing.

We note that compared to CEMP-no stars, a larger number
of monitored CEMP-s stars appear to lie on the upper part of the
red giant branch. It is unlikely that this is a brightness selection-
effect, since the stars in the samples of H16a and Hansen et al.
(2016a) for CEMP-no and CEMP-s stars cover similar ranges in
V magnitudes (and they make up most of the stars in this diagram).
Other unknown selection effects might play a role, however.
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5. Discussion

5.1. CEMP-no stars and binary mass transfer

Each of the CEMP-no binary stars must have a companion that
causes its radial velocity variations. Since none of the stars
except SDSS J0929+0238 seem to be double-lined spectroscopic
binaries and no visual counterpart is seen in photometry of any
of the stars, the companion must be a fainter star. For the dwarf
star G77–61 it has been argued that the companion is most likely
a white dwarf (Dearborn et al. 1986). For the giants, the compan-
ion can be expected to be a main-sequence star or a white dwarf
(which has gone through the AGB phase in the past). Would it
therefore not be likely that if some of the CEMP-no stars have
white dwarf companions, they might have been polluted by mass
transfer from an AGB companion at some point in their life?

For CEMP-s stars, mass transfer from an AGB star is the
main formation scenario, which has been confirmed by the num-
ber of them that is in a binary system (82 ± 10%, Hansen et al.
2016a). Different types of mass-transfer are effective at different
initial separations of the stars in the binary system, where Roche-
lobe overflow can occur in the closest systems, wind-assisted
Roche-lobe overflow in systems of intermediate separation, and
wind transfer by itself in wider systems. As shown in Fig. 6,
typical periods and radial velocity amplitudes for binary CEMP-
s and CEMP-no stars are similar. How many of the CEMP-no
stars would have experienced binary interaction?

A simple estimate of the general fraction of metal-poor stars
that interact with a binary companion can be made using the
CEMP-s stars, assuming that they all became CEMP-s by mass-
transfer from a former AGB star. Of all stars with [Fe/H]<−2.0,
13% are CEMP-s stars (Placco et al. 2014) and therefore in a
formerly interacting binary system. There is no reason (yet)
to assume that at lower metallicity, binary stars suddenly start
to interact less. By re-examining different surveys, Moe et al.
(2018) have found that the close binary fraction (P < 104 days)
of low-mass stars (0.6–1.5 M�) increases with decreasing metal-
licity. Therefore, in the regime of the CEMP-no stars, which are
at lower metallicity than the CEMP-s stars, an even larger frac-
tion of all stars might be expected to have had interaction with a
companion, simply because the binary fraction is higher. We see
almost no CEMP-s stars with [Fe/H]<−3.0, however, and none
at all with [Fe/H]<−4.0. What do extremely metal-poor stars
look like that underwent mass-transfer from a former extremely
metal-poor AGB companion?

Our CEMP-no binaries are not enhanced in s-process ele-
ments (specifically barium), which has usually been taken as a
sign that they have not had any interaction with a binary com-
panion. However, much is unknown about ultra metal-poor AGB
stars (see the recent review by Gil-Pons et al. 2018). Models of
AGB transfer among metal-poor stars have focussed on CEMP-s
stars (as in Abate et al. 2015), which are mostly found at higher
metallicities than the CEMP-no stars (see Fig. 7). The most
metal-poor AGB yields available with s-process elements only
extend to [Fe/H] =−2.3 (Lugaro et al. 2012). Extremely or even
more metal-poor AGB stars might produce fewer s-process ele-
ments, for example in the (non-rotating) models of Suda et al.
(2004), Lau et al. (2007), and Cruz et al. (2013). Addition-
ally, rotation can strongly affect the s-process element produc-
tion, for example in intermediate-mass spinstars (Meynet et al.
2010). Furthermore, the mass of the AGB star is important. It
is expected that intermediate-mass AGB stars produce fewer
s-process elements than AGB stars of lower mass, which espe-
cially affects s-process elements beyond the first s-process
peak (Karakas & Lattanzio 2014). If these are the polluting

companion stars, no barium excess should be expected. Finally,
Busso et al. (1999) suggested that in very metal-poor AGB stars,
the s-process mainly produces third-peak s-process elements,
particularly lead, instead of first or second s-process peak ele-
ments (like barium). However, lead is extremely hard to measure
in carbon-enhanced metal-poor stars.

To summarise, AGB stars have ways to produce less barium
and/or other s-process elements than usual. It is unclear what
abundance patterns exactly are expected in extremely metal-poor
AGB stars, and therefore what their companions should look like
that have received mass-transfer from such a star.

5.2. High fraction of binaries among intermediate- and
high-carbon band CEMP-no stars

5.2.1. Scenario with binary interaction

In a scenario in which a carbon-normal metal-poor star or an
existing low-carbon band CEMP-no star in a binary system is
(further) enriched in carbon by mass-transfer from such an AGB
star, this would bring them up to the intermediate- or high-
A(C) band without enhancing their barium. Some or all of the
carbon for these CEMP-no stars can be intrinsic, but likewise,
some or all of it can come from mass transfer from a former
AGB companion. If a number of CEMP-no stars were addition-
ally enhanced in carbon over their lifetime and some were only
intrinsically carbon-enhanced, this might be a possible explana-
tion for the potential discrepancy in binary fraction between the
higher A(C) and the low-A(C) populations of CEMP-no stars.

It is not likely that mass-transfer from a companion has
occurred in all the intermediate- or high-A(C) CEMP-no binary
stars. For example, SDSS J0929+0238 with A(C) = 7.44 is a
double-lined (possibly even triple-lined) spectroscopic binary of
two main-sequence stars with similar temperatures (Caffau et al.
2016). If the carbon comes from mass-transfer from an AGB
companion, these stars were born in a hierarchical triple system
with the third star more massive and finally polluting the other
two. This scenario decreases in likelihood if it were confirmed
that SDSS J0929+0238 is a triple-lined system, which means
that it consists of three main-sequence CEMP-no stars. In this
case, the system would have had to been born as a quadruple
system with one star being more massive and having evolved
through the AGB phase. A better scenario probably is that these
stars were born with an intrinsically high A(C), with the car-
bon formed in the previous generation of stars (as in the spinstar
and/or faint supernova models).

Interestingly, five CEMP-s stars do not show any radial
velocity variation. The binary fraction of CEMP-s stars deter-
mined in Hansen et al. (2016a), 82 ± 10%, is not necessarily
consistent with 100% binarity. The authors claimed that even
with the uncertainties on the inclination, it is unlikely that all
the apparently single stars are actually in binary systems. We
note that in Fig. 8 the single CEMP-s stars seem to be prefer-
entially located on the lower side of the A(C) distribution of the
CEMP-s stars. Choplin et al. (2017) modelled the abundances
of the single CEMP-s stars with massive spinstar models, and
succeed for three out of the four modelled stars. Spinstar mod-
els are also employed to explain the abundances of CEMP-no
stars (e.g. Meynet et al. 2010). Potentially, single intermediate-
or high-carbon band CEMP-no stars (or binaries that have not
had any interaction) and single CEMP-s stars are the product of
a similar type of progenitor.

A takeaway from this section is that a combination of one or
more of the “classical” scenarios for the formation of CEMP-
no stars and binary interaction complicates the interpretation
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of the abundance patterns of these stars. CEMP-no stars are
usually thought to be direct probes of nucleosynthesis in the first
stars and supernovae, but they might also be probes of extremely
metal-poor AGB stars.

5.2.2. Scenario without binary interaction

An alternative (or supplement) to the mass-transfer scenario
is a scenario where binary stars form more easily in a
carbon-enhanced environment. For example, Chiaki et al. (2017)
have shown that for [C/Fe]<+2.30, silicate dust grains dom-
inate the cooling during star formation of extremely metal-
poor stars, while for [C/Fe]>+2.30, carbon grains dominate.
It is not known how this would affect the binary fraction, but
there might a difference between these environments of differ-
ent dust cooling. Unfortunately, little work has been done on
the binary fraction of carbon-normal extremely metal-poor stars,
and more observations are needed to study whether there is a
difference in binary fraction between carbon-rich and carbon-
normal extremely metal-poor environments.

5.3. HE 0107–5240

HE 0107–5240 is the most iron-deficient binary in our sample,
and at the time of its discovery, it was the most iron-deficient
star known (Christlieb et al. 2002). Since then, many different
scenarios have been proposed to explain its chemical properties,
including its high carbon abundance. There are two main scenar-
ios: 1) the abundance pattern of the star reflects the interstellar
medium from which it was born, which has been polluted by
one or more primordial core-collapse supernovae; alternatively,
2) the surface of the star has been polluted by material from a
binary companion. So far, none of the scenarios can completely
explain the abundance pattern of HE 0107–5240. It might also
be a combination of the two.

In the first scenario, different possible sources pro-
duce the necessary amount of carbon and the peculiar
abundance pattern of HE 0107–5240, for example, spinstars
(Takahashi et al. 2014), faint supernovae (Umeda & Nomoto
2003; Iwamoto et al. 2005), or a combination of normal and
faint supernovae (Limongi et al. 2003). These scenarios seem to
be relatively successful, but their predictions are not entirely in
agreement with the observations, especially for the oxygen abun-
dance (Bessell et al. 2004).

The alternative scenario of a binary companion transfer has
been investigated by Suda et al. (2004), Lau et al. (2007) and
Cruz et al. (2013). In the last work, the s-process abundance pat-
tern and enhancement of carbon of HE 0107–5240 are explained
by invoking mass transfer from a low-mass companion AGB star
(both stars have some initial metallicity higher than zero). These
models seem to fit the abundance pattern well, except for nitro-
gen, which is overproduced in the models. In the first two works,
HE 0107–5240 starts out as a Population III (originally metal-
free) star, where mass transfer from the companion star is fully
responsible for the abundance pattern of HE 0107–5240. These
models are also relatively successful at reproducing the chem-
ical properties of this star. A prediction of the models is that
the period of the binary is currently at least 30 years (Lau et al.
2007) and up to 150 years (Suda et al. 2004), with a maximum
radial velocity variation of 6.5–7 km s−1. Their period range of
11 000−55 000 days and semi-amplitude of ∼3.5 km s−1 are in
good agreement with the results of this work; see the first panel
of Fig. 5. Additionally, Venn et al. (2014) have found a marginal

detection of mid-IR excess of this star. They speculate that if this
excess is real, it might be a possible indication for a debris disk
formed in a binary interaction.

In summary, our observations support the binary transfer
model for the origin of HE 0107–5240, where this star is poten-
tially a true first-generation star whose pristine atmosphere has
been spoiled during its lifetime. In the binary transfer scenario,
it can also be a second-generation star whose surface is addition-
ally polluted by mass-transfer from a companion, which would
complicate the interpretation of its abundance pattern.

5.4. Magnesium

In their comparison of the two different CEMP-no sub-groups,
Yoon et al. (2016) examined magnesium and found that in A(C)
versus A(Mg) space, the Group II stars scale roughly with A(C),
whereas the Group III stars do not and appear offset to lower
A(Mg) values. Based on this behaviour (and similar behaviours
for other elements), the authors suggested that the Group II
and Group III CEMP-no stars could be associated with differ-
ent classes of progenitors, possibly the faint mixing-and-fallback
supernovae and spinstar, respectively. They reported this as a
tentative conclusion, and that there may be other factors at play.
Several of the CEMP-no binaries fall in the Group III subclass,
suggesting that binarity may be one of those other factors.

Recently, Hartwig et al. (2018) have presented a novel diag-
nostic to identify second-generation stars whose birth gas cloud
was enriched by only one supernova. They use the so-called
divergence of the chemical displacement to identify regions in
chemical space where it is likely to find this type of stars. This
divergence does not depend on many assumptions in addition
to the input supernovae yields for core-collapse, pair-instability,
and faint supernovae. Hartwig and collaborators did not include
rotating first stars or any mass-transfer scenarios as possible
sources of metals in their model, but reported that they plan to
add these in later work. One of the abundance spaces they iden-
tify as useful is [Fe/H] versus [Mg/C].

To determine what the CEMP stars look like in this space,
we compiled their magnesium abundances. For the single and
binary CEMP-no stars, [Mg/C] values are listed in Table B.1.
For further Group II and III stars we used the compilation of
Yoon et al. (2016), which we supplemented with [Mg/Fe] for
Group I stars. For the CEMP-s stars, we compiled [Mg/Fe] from
Yong et al. (2013) and Roederer et al. (2014) to obtain a repre-
sentative sample of CEMP-s stars for comparison (both used the
Asplund et al. 2009 solar abundances). We cross-matched these
stars with Yoon et al. (2016) to derive the corrected carbon abun-
dances for consistency. We did not include the binary informa-
tion for the CEMP-s stars since only a few stars with binarity
information are included in the combined Yong and Roederer
sample, and it can be assumed that almost all of them are in fact
in binary systems.

The result is shown in Fig. 10. The CEMP-s stars all
lie outside the range where Hartwig et al. (2018) claimed that
mono-enrichment is likely. This is not surprising since they are
expected to have received mass-transfer from a binary compan-
ion, and the models do not include this. The CEMP-s stars are
offset towards lower [Mg/C] than most of the CEMP-no stars at
similar [Fe/H], which is consistent with their formation scenario
of binary transfer from a former AGB companion. This transfer
mainly enhances C, not Mg, in the companion star. This diagram
may be a useful tool for uncovering stars that have undergone
mass-transfer.
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Fig. 10. Following Hartwig et al. (2018), we present [Mg/C] values
for CEMP-no and CEMP-s stars against [Fe/H]. The symbols are
the same as in Figs. 8 and 9, while open symbols represent stars
without binarity information. Typical error bars are indicated in the
lower right corner. Contours of likely mono-enrichment are over-plotted
(T. Hartwig, priv. comm.).

Most of the CEMP-no stars lie in the mono-enrichment range.
Five of the CEMP-no binary stars, however, have relative low
values of [Mg/C] (.−2.0). Like the CEMP-s stars, these stars
may have experienced mass transfer from a binary companion
that enhanced C, but not Mg. These five stars are HE 0107–5240,
SDSS J0929+0238, G77–61, HE 1150–0428, and CS 22957–027
(in order of increasing [Fe/H]). For HE 0107–5240, the very low
[Mg/C] ratio was also reproduced in the mass-transfer model by
Cruz et al. (2013). G77–61 most likely has a white dwarf as a com-
panion (Dearborn et al. 1986), so that past mass transfer is also
likely. For SDSS J0929+0238 we argued earlier that the mass-
transfer scenario is unlikely (see Sect. 5.1), but it is still possible.
If it is has not experienced AGB mass transfer, some other expla-
nation needs to be found for its low [Mg/C].

All CEMP-no stars that overlap with the location of the
CEMP-s stars in this diagram are Group I stars, regardless of
their binary status. CEMP-no stars in Group I have A(C) and
[Fe/H] similar to those of the CEMP-s stars, but low [Ba/Fe].
The source of these high carbon abundances is unclear, espe-
cially for the single stars, but it is interesting that in this space
they also share properties with CEMP-s stars. However, it also
shows that interpretation of this diagram is not trivial, and we
should be careful to draw strong conclusions.

Finally, we emphasise that further caution should be taken
when interpreting this figure, since most of the abundance mea-
surements were not computed using non-LTE and/or 3D models,
and such corrections can be important for both C and Mg.

6. Radial velocity outlook with Gaia

More data are needed to increase the sample of CEMP-no stars
with multiple radial velocity measurements and to place more
stringent constraints on the orbits for several of the CEMP-
no binaries. This might also shed light on the evolutionary
status of the companion stars and constrain mass transfer
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Fig. 11. Radial velocity uncertainty from Gaia vs. the Gaia G mag-
nitude. Stars are labelled by binarity using the information from
the Yoon et al. (2016) compilation, where magenta stars are binaries,
black circles are non-binaries, and open grey circles represent stars of
unknown binarity. The orange star is HD 135148. At fainter magnitudes,
the radial velocity uncertainties in Gaia increase. The 1 km s−1 limit is
marked by the grey dotted line.

models. Additionally, more long-period variable stars might be
hiding in the current sample. The ESA Gaia mission will have
several epochs of radial velocity data for all the brightest stars
in the Galaxy down to V ≈ 16.2 (Gaia Collaboration 2016). For
the faintest metal-poor ([Fe/H] =−1.5) stars, Gaia will have end-
of-mission radial velocity uncertainties larger than 15 km s−1,
whereas for stars brighter than V = 14, the expected uncer-
tainty is between 0.5−2 km s−15. This is unfortunately not the
uncertainty on the individual radial velocity measurements, but
that of the combined end-of-mission radial velocity. Moreover,
only for the brightest stars will the single epoch radial velocities
be probably released in a future Gaia data release. It is unclear
how much Gaia will contribute to providing multiple good radial
velocity measurements that can constrain orbits of CEMP stars.
It is therefore still important to continue the radial velocity
monitoring effort with high-resolution spectrographs here on
Earth.

6.1. Method

Gaia data can, however, be used to find new binary systems,
even in Gaia DR2 (Gaia Collaboration 2018). The radial veloc-
ity uncertainties provided in DR2 are the result of the combina-
tion of multiple radial velocity measurements, and if stars vary in
radial velocity over the course of the Gaia observations, they will
have higher radial velocity uncertainties than expected from the
precision for stars of their magnitude and effective temperature.
This approach is similar to what was done to investigate binarity
in CEMP stars discovered in the APOGEE survey (Kielty et al.
2017).

An example of this type of analysis is shown in Fig. 11, where
we cross-matched the Yoon et al. (2016) CEMP star sample with
Gaia DR2 and present the uncertainty in radial velocity versus the
G magnitude for the stars that are sufficiently bright to be included
in the current data release. At the faintest end, the precision is
expected to be a maximum of ∼2 km s−1 for the hottest stars in
our sample, and at the bright end, the precision should be less than
1 km s−1 (Katz et al. 2018). In the figure we indicate binarity infor-
mation from the compilation, where the magenta stars are known

5 https://www.cosmos.esa.int/web/gaia/rvsperformance

A108, page 12 of 19

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834146&pdf_id=10
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834146&pdf_id=11
https://www.cosmos.esa.int/web/gaia/rvsperformance


A. Arentsen et al.: Binarity among CEMP-no stars: an indication of multiple formation pathways?

Table 2. CEMP stars that have Gaia radial velocity uncertainties >1 km s−1, with new binary candidates in bold-face.

Name CEMP G rvGaia σGaia rvlit
a σlit nlit Ref. Teff

b [Fe/H]c Teff,T [Fe/H]T

class (mag) (km s−1) (km s−1) (km s−1) (km s−1) (K) (K)

HE 2155–3750 s 13.1 77.5 4.5 27.7 10.0b 1 1 5000 −2.64 5500 0.0
HE 1305+0007 s 11.9 228.5 3.3 217.8 1.5 1 2 4750 −2.08 4750 −2.0
HE 2123–0329 no 13.1 −217.7 3.1 −219.1 0.4 2 3 4725 −3.22 6500 −1.5
SMSS J1738–1457 no 12.9 43.7 3.1 −26.9 2.0 1 4 4600 −3.58 5700 0.0
HKII 17435–00532 r/s 12.8 39.3 2.4 38.9 0.3 4 5 5200 −2.23 6000 −1.5
CS 30301–015 s 12.8 87.0 1.8 86.6 0.1 18 6 4900 −2.73 6000 −1.5
HE 2319–5228 no 13.0 286.2 1.8 294.3 4.0 2 7 4900 −2.60 6000 −1.5
BS 16077–077 s 11.9 68.3 1.7 . . . . . . . . . . . . 5900 −2.05 6000 −1.5
CS 22947–187 s 12.8 −252.3 1.4 −251.9 0.9 2 8,9 5300 −2.58 6000 −1.5
HE 1305+0132 s 12.4 157.0 1.4 . . . . . . . . . . . . 4462 −2.45 4500 0.0
CS 22873–128 no 12.8 207.15 1.2 205.5 0.3 2 8,9 4710 −3.32 6000 −1.5

Notes. (a)For stars with only one measurement, this is the radial velocity as presented in the literature. For stars with multiple measurements
(see column nlit), it is the (weighted) average of the different measurements. Similarly, for the uncertainty, it is either the uncertainty reported in
the literature or the (weighted) standard deviation between different literature values. (b)As reported in the Yoon et al. (2016) compilation. (c)No
uncertainty is given in the reference, but since it is a measurement from an intermediate-resolution spectrum, we assume σ= 10 km s−1.
References. (radial velocities) (1) Placco et al. (2011), (2) Goswami et al. (2006), (3) Hollek et al. (2011), (4) Jacobson et al. (2015),
(5) Roederer et al. (2008), (6) Hansen et al. (2016a), (7) Beers et al. (2017), (8) Roederer et al. (2014), and (9) McWilliam et al. (1995).

binaries, the black circles are known non-binaries, and open grey
symbols represent stars of unknown binarity. The orange star in
the Figure is HD 135148, for which the binary information was
not provided in the Yoon et al. (2016) compilation. We “rediscov-
ered” this binary using the Gaia information and found that it was
already known from Carney et al. (2003). It is clear that several of
the binaries indeed have larger radial velocity uncertainties than
expected from the precision alone.

6.2. New CEMP binary candidates

We investigated stars of unknown binarity with high σGaia val-
ues (>1 km s−1), see a summary in Table 2. We included the
Teff,T and [Fe/H]T of the template that was used in the Gaia
radial velocity determination. A poor template with an incor-
rect shape of the spectral lines might not necessarily result in a
poor radial velocity, but will most probably influence the radial
velocity uncertainty. The standard Gaia radial velocity templates
have [Fe/H] of either 0.0 or −1.5, except when the metallicity of
the star is known (Katz et al. 2018). Even though most of our
stars are more metal-poor than [Fe/H] =−1.5, the radial veloc-
ity precision seems to be good with the [Fe/H] =−1.5 templates,
since for several stars in Table 2 the literature and Gaia radial
velocities agree to within 1 km s−1. This is even the case for stars
where Teff,T differs by more than 1000 K from the literature (see
CS 30301–015 and CS 22873–128). It is unclear how good the
velocities are with the [Fe/H] = 0.0 templates, since for two stars
with such a template the literature radial velocities are highly
discrepant with those from Gaia. In future Gaia data releases the
stellar parameters from the Gaia spectra (Bp, Rp, and RVS) will
be used to select better radial velocity templates, which should
reduce the mismatch between observations and templates and
improve the radial velocity quality (Katz et al. 2018).

In the cross-match between the Yoon et al. (2016) CEMP
sample and the Gaia data are two CEMP-s stars that are good
new binary candidates: HE 2155–3750 and HE 1305+0007.
They have large σGaia and large discrepancies (>10 km s−1)
between the Gaia radial velocity and the literature. The [Fe/H]T
of HE 2155–3750 is a poor match, which may cause part of the

discrepancy, but probably not the full ∼50 km s−1. These two
stars seem good binary candidates.

Additionally, and of more interest for this work, two CEMP-
no stars seem to vary in radial velocity: SMSS J1738–1457
and HE 2319–5228. The applied radial velocity template for
SMSS J1738–1457 is a poor match in both [Fe/H] and Teff . It
is unlikely, however, that this causes a difference of ∼60 km s−1.
This star is therefore still a good binary candidate. With its
A(C) = 6.18 and [Fe/H] =−3.58 (Jacobson et al. 2015), it lies
on the lower carbon band. Then HE 2319–5228 shows a mod-
est radial velocity variation of ∼8 km s−1. We showed that a
mismatch between Teff and Teff,T is not likely to cause such
large differences (e.g. compare to CS 30301–015), therefore this
star remains a good binary candidate. It has A(C) = 6.51 and
[Fe/H] =−3.4 (Beers et al. 2017), therefore it also lies on the
lower carbon band.

Another way to find binary stars using Gaia is through the
astrometric excess noise (D) and the goodness of fit of the Gaia
astrometry. This selects stars with poor astrometric solutions that
are caused by a companion star (as demonstrated e.g. in Evans
2018). This method works best for nearby stars, and unfortu-
nately, most of the extremely metal-poor CEMP-no stars are too
far away. However, two CEMP-no stars in the Yoon et al. (2016)
sample, G77–61 and CS 22958–042, have significant astrometric
excess noise (D > 3). G77–61 is a nearby, high proper motion,
known binary star with a poor goodness of fit and D = 207.9.
CS 22958–042 has D = 9.7 and also a poor goodness of fit,
therefore this star might be in a binary system as well.

The analysis in this section shows that Gaia can be used
to find new candidate binary CEMP systems. Follow-up spec-
troscopy is still needed, however, to verify the results and char-
acterise the orbits of the new binary systems.

7. Conclusions

We have discussed the results of extending a radial veloc-
ity monitoring program for CEMP-no stars that started with
Starkenburg et al. (2014). We identified four new CEMP-no
stars in binary systems based on their radial velocity variations.
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Together with stars from the literature, we now have a sam-
ple of 11 CEMP-no binaries and 23 likely single CEMP-
no stars, resulting in a binary fraction of 32+10

−9 %. This only
marginally agrees with the previous estimate for CEMP-no stars
by Hansen et al. (2016b), which was similar to the binary frac-
tion of metal-poor carbon-normal giants (16+5

−4%, Carney et al.
2003).

The periods of the CEMP-no binaries are similar to the typi-
cal periods of CEMP-s stars, ranging from several 100 to several
1000 days for most of the stars. It applies to all the binaries in our
sample that if the companion of the main star is currently a white
dwarf, it is probable that the current CEMP-no star has been pol-
luted during the AGB phase of the companion. This enhances the
amount of carbon in the star and changes its abundance pattern.
None of the CEMP-no binary stars show a clear enhancement
in [Ba/Fe] that would be indicative of s-process element trans-
fer. Therefore, if binary transfer from an AGB companion has
occurred, it must have been an extremely metal-poor AGB star
that has not produced a significant amount of s-process elements.

Our small CEMP-no radial velocity sample shows an appar-
ent difference in binary fraction between the CEMP-no stars
with lower A(C) (18+14

−9 %) and those with higher A(C) (47+15
−14%).

This higher binary fraction of stars with high absolute carbon
abundances can have interesting implications for the origins of
CEMP-no stars. We propose that some of the high A(C) binaries
started out as carbon-normal stars or CEMP-no stars on the low-
carbon band and received extra carbon from a companion, which
moved them to the intermediate- to high-carbon band. Alterna-
tively, star formation might have a tendency to form more bina-
ries at high A(C) or extremely low [Fe/H].

The detection of radial velocity variations in the hyper-
metal-poor star HE 0107–5240 is very interesting. Some models
have tried to explain its abundance pattern based on the assump-
tion that its completely pristine surface has been polluted by a
former AGB companion, which currently is a white dwarf. Pre-
vious to this current detection, there was no clear evidence for
its variability in radial velocity. This makes the binary formation
scenario as probable as or even more probable than scenarios
invoking faint supernovae or spinstars.

Further monitoring of our new CEMP-no binary stars would
allow deriving better orbit parameters, which is necessary to con-
strain possible mass transfer models. Monitoring of additional
stars is needed to investigate wether there truly is a larger frac-
tion of CEMP-no binary stars among stars with high absolute
carbon abundance and/or extremely low metallicity. Although
Gaia may not (yet) be instrumental in studying specific binary
systems in detail or in constraining the binary fraction, it shows
promise in discovering new binary systems. We have highlighted
some new binary candidates.

Some (although not necessarily all) CEMP-no binary stars
might have been polluted by a companion star, which affects and
complicates the interpretation of their abundance patterns. Their
abundances may not only be probes of faint supernovae and/or
spinstars, but also of extremely metal-poor AGB stars.
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Appendix A: Measured radial velocities

Table A.1. Radial velocities determined from the CFHT and SALT
spectra in this work.

Name rv Err HJD Flaga

(km s−1) (km s−1) −2 450 000

BD+44◦493 −149.77 0.55 6525.58 C
BD+44◦493 −150.24 0.51 6549.55 C
BD+44◦493 −149.95 0.35 6697.25 C
BD+44◦493 −149.32 1.32 6709.21 C
BD+44◦493 −149.62 1.13 6709.21 C

BS 16929–005 −50.84 0.54 6523.22 C
BS 16929–005 −50.56 0.76 6675.68 C
BS 16929–005 −51.27 0.90 6701.62 C
BS 16929–005 −49.70 0.60 6701.63 C

CS 22878–027 −91.77 0.35 6520.32 C
CS 22878–027 −91.45 0.34 6530.23 C
CS 22878–027 −91.56 0.51 6700.64 C
CS 22878–027 −91.62 0.34 6812.32 C

CS 22949–037 −126.10 0.44 6521.53 C
CS 22949–037 −126.12 0.41 6532.54 C
CS 22949–037 −126.05 0.56 6549.50 C
CS 22949–037 −125.67 0.32 6816.59 C
CS 22949–037 −126.10 0.36 6824.54 C

CS 22957–027 −61.43 0.94 6519.53 C
CS 22957–027 −62.34 0.89 6532.55 C
CS 22957–027 −61.46 0.92 6549.52 C
CS 22957–027 −71.68 1.05 6816.61 C
CS 22957–027 −72.09 0.98 6824.56 C

CS 29498–043 −30.04 3.88 6609.25 S
CS 29498–043 −31.78 1.32 6876.25 S
CS 29498–043 −31.61 2.70 6968.25 S
CS 29498–043 −32.24 0.36 7121.64 S

CS 29502–092 −67.33 0.35 6519.53 C
CS 29502–092 −66.91 0.38 6530.43 C
CS 29502–092 −67.55 0.33 6548.33 C
CS 29502–092 −66.93 0.31 6770.64 C
CS 29502–092 −67.54 0.35 6770.64 C
CS 29502–092 −66.54 0.26 6816.58 C

HE 0057–5959 377.90 3.98 6611.50 S
HE 0057–5959 378.23 1.47 6886.50 S

HE 0107–5240 48.15 0.49 6618.50 S
HE 0107–5240 46.60 4.75 6858.50 S
HE 0107–5240 47.19 2.39 6957.25 S
HE 0107–5240 48.29 0.94 6990.50 S

HE 0557–4840 209.11 2.00 6644.25 S
HE 0557–4840 212.33 0.58 6923.50 S

HE 1012–1540 226.17 0.64 6669.61 C
HE 1012–1540 225.33 0.59 6669.62 C
HE 1012–1540 225.27 0.34 6675.60 C
HE 1012–1540 225.35 0.33 6697.51 C
HE 1012–1540 225.41 0.26 6758.22 C
HE 1012–1540 225.43 0.49 6998.50 S

Notes. (a)C is observed with CFHT, S is observed with SALT.

Table A.1. continued.

Name rv Err HJD Flaga

(km s−1) (km s−1) −2 450 000

HE 1150–0428 38.17 1.70 6669.64 C
HE 1150–0428 36.31 1.38 6675.62 C
HE 1150–0428 35.90 1.59 6697.53 C
HE 1150–0428 46.23 1.51 6770.44 C
HE 1150–0428 54.06 1.55 6812.25 C
HE 1150–0428 54.49 1.62 6817.23 C
HE 1150–0428 55.91 1.65 6823.24 C

HE 1201–1512 239.80 1.32 6669.67 C
HE 1201–1512 237.06 1.70 6669.67 C
HE 1201–1512 240.11 0.52 6697.56 C
HE 1201–1512 240.07 0.79 6760.26 C
HE 1201–1512 235.18 3.34 7058.47 S
HE 1201–1512 239.26 6.04 7141.24 S

HE 1300+0157 75.40 1.06 6520.22 C
HE 1300+0157 72.89 1.20 6675.67 C
HE 1300+0157 74.60 0.44 6700.53 C
HE 1300+0157 74.67 0.72 6760.28 C

HE 1327–2326 65.35 1.60 6781.25 S
HE 1327–2326 64.15 1.35 7060.50 S
HE 1327–2326 67.86 3.52 7140.53 S

HE 1506–0113 −93.91 0.54 6520.24 C
HE 1506–0113 −92.80 0.46 6527.22 C
HE 1506–0113 −92.75 0.51 6532.22 C
HE 1506–0113 −87.43 0.46 6697.63 C
HE 1506–0113 −88.23 0.46 6701.64 C
HE 1506–0113 −85.32 0.34 6812.29 C
HE 1506–0113 −84.61 0.37 6823.27 C
HE 1506–0113 −77.13 1.97 7140.54 S

HE 2139–5432 98.58 4.00 6620.25 S
HE 2139–5432 95.79 0.29 6900.25 S

HE 2142–5656 104.24 0.82 6609.25 S
HE 2142–5656 104.06 1.98 6876.25 S
HE 2142–5656 105.32 2.25 6968.25 S

HE 2202–4831 56.58 1.20 6609.25 S
HE 2202–4831 57.50 2.00 6990.25 S

HE 2247–7400 6.54 1.53 6881.50 S

SDSS J0140+2344 −190.32 1.09 6525.55 C
SDSS J0140+2344 −201.03 1.25 6549.52 C
SDSS J0140+2344 −187.99 1.69 6561.38 C
SDSS J0140+2344 −202.03 0.82 6824.57 C

SDSS J1422+0031 −125.43 2.26 6717.50 S
SDSS J1422+0031 −113.96 2.32 7071.59 S
SDSS J1422+0031 −112.35 0.23 7122.52 S
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Appendix B: Compilation of 45 CEMP stars with multiple radial velocity measurements

Table B.1. List of 45 CEMP-no stars with multiple radial velocity measurements.

Name nrv rvw σrv P( χ2) Bin? Teff log g [Fe/H] [C/Fe] A(C) [Ba/Fe] [Mg/C] Ref.
(km s−1) (km s−1) (K)

BD+44◦493 61 −150.09 0.63 0.015 1 5430 3.4 −3.83 1.35 5.95 −0.60 −0.89 1
BS 16929–005 21 −50.77 0.66 0.629 1 5229 2.6 −3.34 0.99 6.09 −0.41 −0.70 2
CD–24◦17504 2 136.25 0.49 0.227 1 6228 3.9 −3.41 1.10 6.12 <−1.05 −0.76 3
CS 22166–016 9 −210.39 0.77 0.607 1 5250 2.0 −2.40 1.02a 7.05a −0.37 −0.34a 4
CS 22877–001 16 166.25 0.12 0.790 1 4790 1.5 −3.31 1.10 6.67 −0.50 −1.17 5
CS 22878–027 21 −91.28 0.61 0.058 1 6319 4.4 −2.51 0.86a 6.78a <−0.75 −0.97a 2
CS 22949–037 26 −125.74 0.29 0.889 1 4630 1.0 −4.38 1.16 5.97 −0.60 −0.36 5
CS 22957–027 40 −66.87 5.16 <10−6 2 5220 2.7 −3.19 2.61 7.87 −0.81 −2.55 5
CS 29498–043 26 −32.55 0.60 0.994 1 4440 0.5 −3.87 2.75 7.62 −0.49 −1.54 5
CS 29502–092 35 −67.22 0.51 0.575 1 4820 1.5 −3.30 1.06 6.59 −1.36 −1.18 5
CS 29527–015 6 47.13 0.42 0.988 1 6577 3.9 −3.32 1.18 6.29 −0.68 2
G64–12 33 442.55 1.05 0.009 1 6463 4.3 −3.29 1.07a 6.21a −0.07 −0.59a 6
G64–37 22 81.49 0.95 0.312 1 6570 4.4 −3.11 1.12a 6.44a −0.36 −0.74a 6
G77–61 13 −23.94 11.35 <10−6 2 4000 5.1 −4.08 2.65 7.00 <+1.00 −2.16 7
HE 0020–1741 10 93.06 0.83 0.001 1 4765 1.6 −4.05 1.40 6.12 −1.11 −0.71 6
HE 0057–5959 3 375.64 1.60 0.143 5257 2.7 −4.08 0.86 5.21 −0.46 −0.35 2
HE 0107–5240 7 44.78 1.91 <10−6 2 5100 2.2 −5.44 3.97 7.03 <+0.93 −3.77 8
HE 0219–1739 15 107.96 5.09 <10−6 2 4238 0.5 −3.09 1.90 7.55 <−1.39 9
HE 0405–0526 13 165.66 0.04 1.000 1 5083 3.9 −2.18 0.92 7.17 −0.22 9
HE 0557–4840 22 211.94 0.80 0.965 4900 2.2 −4.73 1.59 5.29 <+0.07 −1.43 10
HE 1012–1540 20 225.84 0.47 0.217 1 5230 2.7 −4.17 2.40 6.67 −0.28 −0.56 5
HE 1133–0555 9 270.70 0.34 0.810 1 5526 1.3 −2.40 2.20 8.31 −0.58 9
HE 1150–0428 27 47.49 8.13 <10−6 2 5208 2.5 −3.47 2.37 7.35 −0.48 −1.98 2
HE 1201–1512b 13 238.91 2.51 0.016 1 5725 4.7 −3.86 1.14 5.71 <+0.05 −0.86 2
HE 1300–0641 2 68.79 0.11 0.162 1 5308 3.0 −3.14 1.25 6.54 −0.82 −1.23 11
HE 1300+0157 20 74.40 0.70 0.871 1 5529 3.3 −3.75 1.31 5.99 <−0.85 −0.98 2
HE 1302–0954 3 32.56 0.04 0.973 1 5120 2.4 −2.25 1.17 7.37 <−0.53 9
HE 1327–2326 17 64.38 1.30 0.202 1 6180 3.7 −5.71 4.18 6.90 <+1.39 −2.63 12
HE 1410+0213 23 81.12 0.18 0.614 1 5000 2.0 −2.14 1.92 8.21 −0.26 −1.81 13
HE 1506–0113 29 −83.50 11.22 <10−6 2 5016 2.0 −3.54 1.47 6.38 −0.80 −0.60 2
HE 2139–5432 4 102.18 10.07 <10−6 2 5416 3.0 −4.02 2.59 7.01 <−0.33 −0.99 2
HE 2142–5656 4 103.70 0.80 0.718 4939 1.9 −2.87 0.95 6.61 −0.63 −0.72 2
HE 2202–4831 3 56.32 0.67 0.797 5331 3.0 −2.78 2.41 8.08 −1.28 −2.31 2
HE 2247–7400 2 5.78 0.59 0.602 4829 1.6 −2.87 0.70 6.58 −0.94 −0.69 2
HE 2318–1621 7 −41.77 0.28 0.218 1 4846 1.4 −3.67 1.04 6.30 −1.61 −1.34 14
SDSS J0140+2344b 8 −198.65 4.54 <10−6 2 5703 4.7 −4.00 1.13 5.56 <+0.34 −0.81 2
SDSS J0929+0238 26 388.33 10.40 2 5894 4.5 −4.97 3.91a 7.44a <+1.46 −3.56a 15
SDSS J1313–0019 3 255.50 13.50 <10−6 2? 5200 2.6 −5.00 2.98 6.41 <+0.22 −2.45 16
SDSS J1341+4741 5 −194.68 26.63 <10−6 2 5450 2.5 −3.20 0.99a 6.22a −0.73 −0.28a 17
SDSS J1422+0031 6 −118.97 6.09 <10−6 2 5200 2.2 −3.03 1.70 7.11 −1.18 −0.95 18
SDSS J1613+5309 4 0.01 0.89 0.745 5350 2.1 −3.33 2.09 7.21 +0.03 −1.18 18
SDSS J1746+2455 5 78.45 0.54 0.431 5350 2.6 −3.17 1.24 6.51 +0.26 −0.56 2
SDSS J2206–0925 3 14.83 0.90 0.626 5100 2.1 −3.17 0.64a 5.90a −0.85 +0.61a 18
Segue 1–7 4 204.86 0.59 0.580 4960 1.9 −3.52 2.30a 7.21a <−0.96 +0.94a 19
SMSS 0313–6708 34 298.50 0.35 0.592 1 5125 2.3 <−6.50 >5.39 6.02 −1.20 20

Notes. Columns: star name; number of radial velocity measurements in Table B.2; weighted average of radial velocity measurements in Table B.2;
standard deviation of radial velocity measurements in Table B.2; variability criterion P( χ2); binary status (1 = single, 2 = binary, labels as collected
by Yoon et al. (2016) and updated in this work); effective temperature; surface gravity; iron abundance; carbon-to-iron ratio; absolute carbon abun-
dance; barium-to-iron ratio, magnesium-to-carbon ratio; literature reference. (a)These carbon abundances have not been corrected for evolutionary
status (all other measurements have been, as reported in Yoon et al. 2016). However, all of these stars have log g &2.0, where the correction is
expected to be small. (b)Of the two provided solutions in the reference, these are the dwarf solutions.
References. (1) Ito et al. (2013), (2) Yong et al. (2013), (3) Jacobson et al. (2015), (4) Giridhar et al. (2001), (5) Roederer et al. (2014),
(6) Placco et al. (2016b), (7) Plez & Cohen (2005), (8) Christlieb et al. (2004), (9) H16a, (10) Norris et al. (2007), (11) Barklem et al. (2005),
(12) Frebel et al. (2008), (13) Cohen et al. (2013), (14) Placco et al. (2014), (15) Bonifacio et al. (2015) and for magnesium Caffau et al. (2011),
(16) Frebel et al. (2015), (17) Bandyopadhyay et al. (2018), (18) Aoki et al. (2013), (19) Norris et al. (2010), (20) Bessell et al. (2015), and for
magnesium Keller et al. (2014).
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Table B.2. Compilation of 710 radial velocity measurements for 45 CEMP-no stars.

Name rv Err HJD Ref. Bibcode
(km s−1) (km s−1) −2 450 000

BD+44◦493 −150.66 0.55 −4273.25 Carney et al. (2003) 2003AJ. . . .125..293C
BD+44◦493 −151.16 0.77 −4034.25 Carney et al. (2003) 2003AJ. . . .125..293C
BD+44◦493 −149.55 0.68 −3698.25 Carney et al. (2003) 2003AJ. . . .125..293C
BD+44◦493 −151.57 0.57 −3662.25 Carney et al. (2003) 2003AJ. . . .125..293C
BD+44◦493 −150.93 0.67 −3634.25 Carney et al. (2003) 2003AJ. . . .125..293C
. . . . . . . . . . . . . . . . . .

Notes. We do not include Gaia DR2 radial velocities in this table because they are averages over multiple measurements in time. This table is
available in its entirety at the CDS.

Appendix C: Additional figures
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Fig. C.1. Radial velocities for SMSS 0313–6708, derived from archive UVES spectra. The red error bars represent the uncertainties coming from
fxcor, and the orange error bars include an uncertainty floor of 0.35 km s−1.
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Fig. C.2. Radial velocities of the 18 program stars that have not yet been shown in the main text, ordered alphabetically. For seven measurements
of HE 1327–2326 reported by Hansen et al. (2016b), no uncertainties are provided.
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